We have previously shown that ETS transcription factors, regulate cell growth and differentiation, and ETS1 and ETS2 are able to transcriptionally regulate wt p53 gene expression. In the present study we show that the ETS transcription factors also play a role in regulating expression of GADD153, a wt p53 inducible gene, which induces growth arrest and apoptosis in response to stress signals or DNA damage. We report the presence of a single EBS in the human GADD153 promoter, and that the GADD45 gene promoter lacks EBSs. The GADD153 promoter EBS shows a very high affinity for ETS1 and FLI-1 gene products. In addition, our data show that both ETS1 and FLI-1 strongly activate transcription of the GADD153 EBS linked to the CAT reporter gene. Our results also demonstrate how ETS1 and FLI-1 specifically regulate GADD153 expression. In addition, ectopic ETS2 protein expression resulted in only a weak induction of the same CAT reporter construct. The ETS1 and FLI-1 proteins provide a novel mechanism of activation for GADD153, allowing these two ETS genes to control its expression during cell growth and differentiation, rather than in response to oxidative stress.
Introduction
Numerous studies have highlighted the paramount role of the p53 gene product in regulating apoptosis, ranging from G1 cell cycle checkpoint control to DNA repair, signal transduction and transcriptional activity on effector genes. 1 ± 3 It is likely that wt p53 regulation of downstream effector genes, such as GADD45, GADD153 and WAF1/ Cip1, activates the G1-S checkpoint. 4 ± 7 These p53-responsive genes induced by DNA damage and growth arrest, are transactivated by wt-p53 through a specific consensus DNA sequence consisting of two copies of a symmetric 10 bp motif separated by 0 ± 13 bp in their promoter or enhancer regions. 3, 8 GADD153 differs from GADD45 and other growth arrest and DNA damage (GADD) inducible genes because its basal expression is absent or undetectable under normal growth conditions, yet is strongly induced in response to cellular stress by a wide variety of agents that cause either DNA-damage or cell cycle arrest. 9 These include UV light, hypoxia, serum starvation, medium depletion, toxins, metabolic inhibitors, various chemoterapeutic drugs. 9 ± 17 These elements are thought to stimulate GADD153 expression through different pathways.
The complex regulation of GADD153 is neither cell cycle dependent, nor exclusively under wtp53 control. 11,12,18 ± 20 For example, an AP-1 responsive element in the GADD153 promoter has been shown to be highly specific for oxidative stress, yet it does not activate GADD153 expression after DNA damage nor does it respond to the phorbol ester TPA, which increases AP-1 activity. 18, 21, 22 Previously, we have demonstrated that human p53 is transcriptionally regulated by ETS1 and ETS2 proteins by binding to a dual EBS palindromic structure on its promoter, and that their expression is closely linked during mouse embryogenesis. 23 ETS genes control cell growth and differentiation in a tissue-specific manner, presumably regulating genes involved in the regulation of apoptotic pathways.
23 ± 25 ETS1, in particular, is thought to play a crucial role in apoptosis in normal and neoplastic cells. 24, 25 FLI-1 has also been reported to inhibit apoptosis in a number of human tumors. 26 Both ETS1 and ETS2 have been reported to transactivate junB transcription, a member of the AP-1 family of transcription factors capable of participating in the formation of the AP-1 complex. 27 In response to genotoxic stress, another ETS family transcription factor, E1AF, has been found to upregulate transcription from the Waf1/Cip1 promoter, where two EBS partially overlapping with two p53 binding sites are present. 28 All the ETS proteins bind to a GGAA/T purine-rich core sequence, and share a highly homologous DNA-binding domain of 85 amino acids. 29 This suggested to us that other ETS proteins binding similar sequences might have roles in Cell Death and Differentiation (1999) 6, 902 ± 907 the regulation of p53 effector genes. In the present study, we investigated the role of ETS1, ETS2, and FLI-1 transcription factors in the regulation of the human GADD153 gene to further characterize a novel p53-dependent ETS pathway.
Results

Identi®cation of an ETS binding sequence in the GADD153 promoter
Previous studies have demonstrated the role of ETS proteins in the regulation of p53 expression, 23 and the overlapping patterns of expression of ETS1, ETS2 and p53 during mouse embryogenesis. 23,30 ± 32 To further analyze the role of the ETS family transcription factors on the pathway of programmed cell death, we searched for the presence for ETS binding site (EBS) in the human GADD45 and GADD153 promoters by computer sequence analysis. We identified a single EBS in the GADD153 promoter at position 7201 to 7195 (Figure 1 ), no EBS was found in the GADD45 promoter (data not shown).
ETS1 and FLI-1 proteins bind with high affinity to the EBS in the human GADD153 promoter
To investigate whether ETS proteins could specifically bind to the EBS sequences in the GADD153 promoter two pairs of oligonucleotides corresponding to the wild-type (WT) GADD153 EBS-promoter sequence and to a mutant (MUT) EBS-promoter sequence were synthesized ( Figure 2 ) and used in gel shift assays with in vitro expressed ETS1 and FLI-1 proteins (Figure 3 ). The mutant GADD153 EBS-promoter oligonucleotide contains a single point-mutation replacing the second cytosine of the EBS, position 7196, with a thymidine. Earlier work with methylation interference analysis indicated that this mutation negatively affects the DNA sequence binding specificity of ETS proteins. 33, 34 FLI-1 protein bound strongly to the wt GADD153 EBS oligonucleotide probe in a sequence specific manner ( Figure 3A) , as the FLI-1 protein:GADD153 DNA complex was completely inhibited in presence of excess cold oligonucleotide ( Figure 3A, lane 4) . FLI-1 protein affinity for the GADD153-EBS DNA sequence was estimated by complexing the protein with equal amounts of oligonucleotide probes containing either an optimal FLI-1 binding site FLI-1 and ETS1 proteins bind to the GADD153 promoter. Endlabeled DNA fragments, corresponding to the different GADD153-EBS wildtype or modified sequences, and to the ETS1-3 and E74 sequences, were incubated with an extract of ETS1 and FLI-1 nuclear extracts produced by the baculoviral system in SF-9 insect cells, and analyzed on a 4% non-denaturing polyacrylamide gel. The binding was carried out in the presence of excess oligonucleotides (lanes 2 ± 4 and 6 of A; lanes 2 and 4 B), in the presence of ETS1 monoclonal antibody E44, (lanes 3 and 6 in B). Arrows indicate the ETS1 protein:DNA complex and its supershift by the ETS1 specific antibody ETS1 and FLI-1 regulate GADD153 in vitro gene expression A Seth et al (E74) or an optimal ETS1 binding site (ETS1-3). We observed that the signal intensity of the FLI-1 protein DNA complex with the GADD153 WT EBS probe ( Figure  3A , lanes 3 ± 4) was comparable to the complex with E74 probe ( Figure 3A , lanes 5 ± 6) and higher than for the ETS1-3 probe ( Figure 3A, lanes 1 ± 2) .
ETS1 protein binds to the wild-type GADD153 EBS promoter sequences with very high affinity ( Figure 3B ). This binding is sequence specific because the ETS1 protein:DNA complex was supershifted and stabilized in the presence of the monoclonal antibody E44 specific for ETS1 protein ( Figure 3B , lane 2, upper arrow), and the binding was inhibited in the presence of excess cold oligonucleotide ( Figure 3B, lane 3, lower arrow) . The ETS1 protein did not show any detectable binding activity when the labeled mutant GADD153 oligo was used as a probe ( Figure 3B , lanes 3 ± 6).
ETS1 and FLI-1 expression transactivate transcription of the CAT reporter gene
The binding modalities of the ETS1 and FLI-1 proteins suggested that both these proteins may function in transcriptional control of GADD153 through the EBS present on its promoter. To assess the role of ETS1, FLI-1 and ETS2 in activating transcription from the human GADD153 promoter, three CAT reporter plasmids containing serial deletions in the GADD153 promoter region were constructed and cotransfected in COS cells with expression plasmids for ETS1 (pSGE1), ETS2 (pSGE2), and FLI1 (pSGT20) ( Figures  4 and 5) . p9000 contains the entire wild type GADD153 promoter region (position 7778 to +21). p9005 retains the EBS and the minimal promoter region (position 7250 to +21). In p9028 the EBS is deleted, leaving only the minimal promoter region (position 7141 to +21).
Both ETS1 and FLI-1 products stimulated transcription with similar efficiency from the full length GADD153 promoter-reporter construct ( Figure 4A,B) . Very weak transactivation was observed when p9000 was cotransfected with the ETS2 expression vector ( Figure 4B ), and no CAT activity was detected in the controls ( Figure 4B ). When the upstream region 7778 to 7225 was deleted (p9005) the transcriptional activity by ETS1 protein was strongly reduced, and that of ETS2 protein was completely abolished ( Figure 4A ). In contrast, FLI-1 protein showed a strong increase in reporter activity with the p9005 plasmid ( Figure 4A ). Figure 5 summarizes the results of reporter gene assays for each GADD153EBS-CAT plasmid, including induction ratios.
Discussion
GADD45 and GADD153 are two potent mediators of p53 in response to a variety of DNA damaging agents, inducing directly or indirectly G1 arrest and/or apoptosis.
35 GADD153 has been consistently linked to the differentiative processes of myeloid cells and adipocytes 20, 36, 37 and represents a crossroads for multiple signal transduction pathways, being a transcriptional inhibitor of many C/EBP target genes involved in differentiation, 17 and for its direct role in mediating G1 arrest and apoptosis. 9, 18, 20, 21, 35 Although GADD45 is strictly under the control of p53, its gene regulation seems to be not solely under wtp53 control. 12, 19 There is evidence to indicate the existence of multiple pathways for induction of GADD153 expression in response to different metabolic or genotoxic stimuli which cause cell cycle arrest. 18, 21 In addition, GADD153 expression seems to be mainly under transcriptional regulation rather than through the stabilization of its mRNA. 38 A single AP-1 responsive element present in the GADD153 promoter is critical for GADD153 induction in response to oxidative stress, 22 but unable to evoke any transactivation of GADD153 after DNA damage.
18,21 TPA stimulation, which increases AP-1 activity, fails to induce binding of the AP-1 complex to the AP-1 binding site, as well as GADD153 expression. 18, 21 Recently, a member of the ETS family of transcription factors, ETS1, was shown to be up-regulated by oxidative stress, thus inducing angiogenesis with proliferation and migration of endothelial cells. 39 ETS genes are a highly phylogenetically conserved family of transcription factors, with important control functions over cell growth and differentiative processes during embryogenesis and throughout adulthood. 29,30,33,40 ± 44 Among the large ETS gene family, ETS1, ETS2 and FLI-1 seem to be consistently involved in the induction and/or repression of apoptosis, with consequent effects on cell proliferation and differentiation. 24,25,45 ± 48 Previously, we have shown that p53 is regulated by ETS1 and ETS2 proteins, and the expression patterns of these genes correlate during mouse embryonic development. 23 p53 transcriptional regulation takes place through a palindromic ETS binding structure in the human wtp53 promoter, where two EBS repeats of 10 bp are present in à head-to-head' conformation, separated by four bases. 23 Interestingly, the Waf1/Cip1 gene promoter presents two EBS partially overlapping with two p53 binding sites, and it Figure 4 ETS proteins transactivate the GADD153 promoter via the EBS region. (A) represent p9005 CAT reporter plasmid activity, with the minimal conserved EBS GADD153 promoter region. (B) p9000 CAT reporter plasmid activity, with the entire conserved GADD153 promoter region. The expression plasmids pSGE1(ETS1), pSGE2 (ETS2) were obtained by cloning DNA fragments of ETS1 lacking exon 7, ETS1, ETS2 genes, respectively, at the BamHI site of vector pSG5 (Stratagene, California, USA). Transfections were done in duplicate, repeated at least three times, and the CAT activity was examined by thin-layer chromatography ETS1 and FLI-1 regulate GADD153 in vitro gene expression A Seth et al is positively regulated by the transcription factor E1AF, another ETS related gene product, induced in response to genotoxic stress. 28 Besides, their possible direct role in the regulation of GADD153 and p53 expression, 23 ETS factors may also affect indirectly GADD153 transcriptional activation, by promoting junB expression, a constitutive component of the AP-1 transcriptional activation complex. 27 Based on these data, ETS family proteins are good candidates to represent the unknown transcription factors proposed by Luethy and Holbrook to be involved in transcriptional regulation of p53 target genes. 18 We have investigated the possible role of three ETS genes in controlling two important p53 inducible genes, GADD45 and GADD153. Our findings show an optimal EBS in the GADD153 promoter, and that these sequences specifically bind ETS1 and FLI1 protein, but not ETS2. The binding of FLI-1 was completely blocked and the binding of ETS1 strongly inhibited by the insertion of one single point mutation in the GADD153 EBS (Figures 2 and 3) .
Both ETS1 and FLI-1 proteins strongly activate GADD153 promoter activity, increasing gene transcription by fourfold and fivefold respectively in reporter gene assays ( Figure 5 ). ETS2 protein expression results only in a weak induction of the CAT reporter gene. Interestingly, when the promoter region immediately upstream of the EBS was deleted, we could observe an inverse correlation in the transcriptional activity of ETS1 and FLI-1 proteins ( Figure  5 ). In fact, we observe about a 30% loss of activity for ETS1, and a 300% increase for FLI-1 protein (Figures 4  and 5) . Finally, when the EBS was deleted from the constructs, as in the GADD153EBS-CAT reporter plasmid p9028, transcriptional activation by all of the ETS expression vectors disappeared further confirming the specificity of the EBS structure in the GADD153 promoter, and its high affinity for the ETS proteins. Our results show that the DNA region upstream of the EBS is critical for the fine tuning of normal GADD153 expression by the ETS1 and FLI-1 proteins because it has a selective suppressive or promoting effect on the transcriptional activity. These results are of immense importance because they establish a novel mechanism of activation of GADD153 by ETS1 and FLI-1 transcription factors, demonstrating how specific and crucial the structure of the ETS binding region is for the regulation of GADD153 expression by ETS1 and FLI-1.
Based on our findings and on existing literature, we propose a two level model of GADD153 activation by ETS genes, directly transactivating its promoter, or indirectly by inducing p53 expression although other mechanisms of transactivation are possible ( Figure 6 ). Data presented herein implicate ETS1 and FLI-1 as participants in novel Figure 5 GADD153 EBS pBLCAT plasmids activity. GADD153 CAT reporter plasmids p9028, p9005, p9000 (left from bottom to top). CAT activity in cpm and induction ratios for each construct with three different ETS proteins (right) Figure 6 Multiple pathways of GADD153 activation leading to apoptosis ETS1 and FLI-1 regulate GADD153 in vitro gene expression A Seth et al mechanisms of activation of GADD153. These data suggest that the sequence of the GADD153 ETS binding motif is critical for each one of the ETS transcription factors and their DNA binding ability, indicating that different ETS family members bind and regulate GADD153 transcription with distinct mechanisms.
We have previously shown that ETS1 and ETS2, but not FLI-1 upregulate p53 expression, implying indirect effects upon p53 effector genes. 23 Here we have found that FLI-1 and ETS1 both bind and upregulate the GADD153 promoter, and that ETS2 does not directly upregulate GADD153 expression. Thus ETS1 participates in multiple pathways intersecting at the GADD153 promoter, for example, via p53, junB, and directly on the EBS ( Figure  6 ). ETS2 could only affect GADD153 regulation indirectly via p53. FL1-1 regulation of GADD153 would be independent of p53 since we have shown that it has no affinity for the p53 promoter EBS. 23 ETS genes expression has been linked consistently to proliferative/differentiative processes, 30, 41, 42, 49 but have never been related to DNA damage or to any other kind of cellular stress, except recently to oxidative stress. 39 Thus, it is likely that this ETS regulatory mechanism of GADD153 transcription represents novel pathways to control cell growth and differentiation by GADD153 activation, in response to differentiative stimuli like oxidative stress.
Materials and Methods
BLASTN analysis of the GADD153 promoter
The GADD153 promoter sequence (GB: ) was searched for EBSs (C/A G G A A A/G C/T A/G) using the online BLASTN program hosted by the NCBI webpage.
Sequence of GADD153 EBS oligonucleotides used in electrophoretic mobility shift assay
Wild type and mutant oligonucleotides corresponding to the putative Ets binding sequences of GADD153 EBS, E74 and the ETS1-3 genes were chemically synthesized on an ABI DNA synthesizer (California, USA) and purified through OPC column (Figure 2 ). For electrophoretic mobility gel shift assays, the oligonucleotides were annealed, as described, and labeled with [ 32 P]dCTP using the Klenow enzyme.
Protein-DNA-binding assay
Protein-DNA interactions were investigated by Electrophoretic mobility shift assay (EMSA), 50 using 32P-end-labeled synthetic GADD153 EBS annealed oligonucleotides and either the ETS1, ETS2 and FLI-1 nuclear extracts produced by the baculoviral system in SF-9 insect cells, or ETS2 recombinant protein produced in E. Coli. as described. 34 DNA binding was performed in a binding buffer containing 50,000 c.p.m. of a 32 P-labeled probe for 20 min. at 48C, in the presence or absence of excess, unlabeled cognate or mutated oligonucleotide, and the protein-DNA complexes were analyzed on a 4% polyacrylamide gel containing 0.25 6 TBE (1 6 TBE is 50 mM Tris base ± 50 mM boric acid ± 1 mM ethylenediaminetetraacetic acid [EDTA] ). The gel was dried and autoradiographed. Mouse antihuman ETS1 monoclonal antibody E44, was kindly given by Dr. Robert Fisher (National Cancer Institute, Frederick, MD, USA).
Construction of CAT reporter and ETS expression plasmids
CAT reporter plasmids were constructed by ligating the GADD153 EBS sequences at the HindIII site of pBLCAT2, which is located upstream of the TK promoter TATA box, and were kindly provided by Dr. Nikky J Holbrook (National Institute on Aging, Baltimore, MD, USA). The ETS expression plasmids pSGE1(ETS1), pSGE2 (ETS2), and pSGT20 (ERGB/Hu-FLI-1) were obtained by cloning DNA fragments of ETS1, ETS2 and ERGB/Hu-FLI-1 genes, respectively, at the BamHI site of vector pSG5 (Stratagene, California, USA). This vector contains the SV40 promoter upstream of cloning sites. 34 Cell culture transfection and CAT assay COS cells were grown in DMEM supplemented with 10% calf serum in a 5% CO 2 atmosphere. The culture media and serum were obtained from Gibco and Applied Biologicals (MA, USA). The cotransfection experiments, performed by the calcium phosphate technique, were done using CAT reporter plasmids and ETS expression vectors at a ratio of either 1 : 5 or 1 : 10, pCH110 (bgalactosidase vector) was used as an internal standard for transfection efficiency. 34 The cells were harvested after 48 ± 72 h and the cell extracts were normalized for the protein concentrations. Cell extracts were then incubated with [
14 C]chloramphenicol and acetyl CoA for 12 h and assayed for CAT activity by thin layer chromatography and quantitation on the Ambis radioisotopic imaging system, as previously described. 34 The level of CAT stimulation was determined by comparison of co-transfection with control plasmids after normalization to b-galactosidase activity. All transfection experiments and the CAT assays were repeated multiple times.
